Progress in heterogeneous catalysis is often hampered by the difficulties of constructing active architectures and understanding reaction mechanisms at the molecular level due to the structural complexity of practical catalysts, in particular for multicomponent catalysts. Although surface science experiments and theoretical simulations help understand the detailed reaction mechanisms over model systems, the direct study of the nature of nanoparticle catalysts remains a grand challenge. This paper describes a facile construction of well-defined Pt-skin catalysts modified by different 3d transition metal (3dTM) atoms in subsurface regions. However, on the catalyst containing both surface and subsurface 3dTMs, the selectivity of propane dehydrogenation decreases in the sequences of Pt~PtFe > PtCo > PtNi due to the easier C-C cracking on exposed Co and Ni sites. After the exposed 3dTMs were removed completely, the C 3 H 6 selectivity was found to increase markedly in the row Pt < PtNi@Pt < PtCo@Pt < PtFe@Pt, which is in line with the calculated trend of d-band center shifting. The established relationship between reactivity and d-band center shifting illustrates the role of subsurface catalysis in dehydrogenation reaction.
INTRODUCTION
Owing to their superior activity, better structural stability, and higher selectivity, bimetallic catalysts are widely used in a variety of heterogeneous catalytic processes (1) . For example, Pt-based bimetallic catalysts show superior performance in automobile catalytic converters, in fuel cells for oxygen reduction reaction (ORR), and in the petroleum industry to catalyze a number of separated processes including, on purpose C 3 H 6 production via propane dehydrogenation (PDH) (2) . In general, the addition of another component can not only reduce noble metal consumption but also often tune the catalytic properties of catalysts (3, 4) .
For bimetallic catalytic systems, the most frequently studied structures include core-shell, alloy, and sandwich-like arrangements (5) . For example, under a working condition of acid solution, the Ptskin structure was formed on PtFe, PtCo, and PtNi bimetallic catalysts, which showed better ORR performance than pure Pt (6) (7) (8) (9) (10) . Similarly, structural Ru@Pt core-shell nanoparticles also show better CO oxidation reactivity than pure Pt and PtRu alloyed catalysts (11, 12) . Moreover, a sandwich-like (NiO 1-x /Pt/Ni/Pt) catalyst consisting of both surface Ni and subsurface Ni atoms presents remarkable CO oxidation reactivity. One of the main reasons is that the subsurface Ni lowers the reaction barrier of CO + O→CO 2 on Pt (5). Theoretical calculations have pointed out that the d-band center of the surface Pt would be downshift-induced by TMs in subsurface regions, which consequently weakens the adsorption of adsorbates on the Pt surface (13) . In addition to the catalytic role of subsurface metal atoms, the population of subsurface C and H also strongly influences the surface reactions and plays a major role in the selectivity of palladium-catalyzed alkyne hydrogenation (14) (15) (16) . Moreover, subsurface O species in Ag catalysts are essential for the epoxidation of ethene due to the electronic effect of the subsurface O on the surface-adsorbed reactant O (16) . Hence, understanding the catalytic role of subsurface metal atoms and nonmetal species is of great importance in heterogeneous catalysis.
Pt-based bimetallic catalysts are also extensively used in PDH because of their excellent activity and stability (17) (18) (19) (20) . Since shale gas has become an increasingly important source of propane, C 3 H 6 production via PDH has attracted tremendous interest in a broad range of scientific and technological processes (17, 18) . However, as an endothermic process, PDH requires operation at high temperatures, which results in hydrocarbon cracking and restriction of the C 3 H 6 selectivity (17, 18) . To improve the PDH reactivity of Pt-based catalysts, metal promoters, such as Sn, Cu, and Zn, have often been added (18) . For example, PtCu alloyed nanoparticles supported on Al 2 O 3 show higher conversion and C 3 H 6 selectivity, which has been attributed to the increased Pt dispersion and electron transfer from Cu to Pt (18) . But the exact surface structure of PtCu bimetallic catalysts is unclear. For PtSn/Al 2 O 3 catalysts, although a number of works have established their superior reactivity, the active structure, in particular the chemical state of Sn, is still a subject of continuing debate (20, 21) . The difficulties mainly stem from the uncertainty of the preparation processes and the structural complexity of supported nanoparticles, so the exact structure of Pt-based bimetallic catalysts and reaction mechanisms in PDH processes remain somewhat controversial (20) . This paper describes a facile construction of Pt-3dTM [3dTM (3d transition metal) = Fe, Co, and Ni] bimetallic catalysts and explores the influence of surface 3dTMs and subsurface 3dTMs for the PDH reaction. Experimental evidence indicates that the 3dTMs in subsurface regions significantly promote the C 3 H 6 selectivity compared with monometallic Pt catalyst. In contrast, the surface 3dTMs decrease the C 3 H 6 selectivity because of the easier C-C cracking on exposed 3dTM sites. Combined with density functional theory (DFT) calculations, the reaction mechanism of PDH on Pt-skin surfaces modified by different subsurface 3dTM atoms (Pt-3dTM@Pt) is further revealed.
RESULTS

Structural characterization
We prepared Pt-3dTM bimetallic catalysts by a wetness coimpregnation method combined with post-acid leaching treatments. Note that SBA-15 was selected as a support because the industrially used Al 2 O 3 material would be dissolved in acid leaching treatment (HNO 3 solution). In addition, SBA-15 has stable and well-ordered mesoporous structures, which provide confined nanospace for many nanoparticle catalysts (22) . Figure 1 (A and B) presents transmission electron microscopy (TEM) images of PtFe@Pt/SiO 2 and PtFe@Pt/SBA-15 catalysts, respectively. Statistical analysis for~200 nanoparticles shows that the average size of a PtFe@Pt/SBA-15 catalyst is 6.9 ± 0.5 nm, whereas the average size of a PtFe@Pt/SiO 2 catalyst is 21.4 ± 1.9 nm, indicating that the mesoporous structure of SBA-15 can prevent the nanoparticles inside from severe agglomeration after the reduction in H 2 at 600°C. Furthermore, the size distribution of PtFe@Pt/SBA-15 is more uniform than the size distribution of PtFe@Pt/SiO 2 (insets in Fig. 1, A and B) , which also indicates that most of the PtFe@Pt nanoparticles are confined in the mesopores of SBA-15.
Because Pt precursors can be more easily reduced to metallic nanoparticles than 3dTM precursors, the initial structure of Pt-3dTM catalysts after the reduction should be Pt nanoparticles decorated by 3dTM species on surface (10) . As the reducing temperature increases, 3dTM atoms on the surface start to diffuse into the subsurface regions of Pt crystals (5, 7, 10) . Acid leaching of prereduced Pt-3dTM catalysts can remove the surface 3dTM atoms, while those in subsurface regions remain unchanged because of the protection of a Pt shell, thus producing a Pt-skin or Pt-skeleton surface with 3dTM atoms in subsurface regions (10, 23) . To study the surface structure of leached catalysts, we measured the concentrations of Fe and Pt in acid solutions by inductively coupled plasma atomic emission spectrometry (ICP-AES). For the PtFe/SBA-15 sample reduced at 600°C, Fig. 1C shows the Fe and Pt concentrations as a function of leaching time. As a reference, the freshly prepared PtFe/SBA-15 catalyst without reduction is also treated by the leaching process. For this sample, the relative concentrations of Fe and Pt are set to 100% (24) . After acid leaching treatment for 5 min,~14% of Fe from prereduced PtFe/SBA-15 was found in solution, while only a negligible amount of Pt was detected. As the leaching time increases to 10 min,~25% of Fe was leached away, and this percentage remains almost constant over an extended period of leaching time. Accordingly, we propose that surface Fe atoms should be removed completely after 10 min of leaching treatment, leaving~75% of Fe in subsurface regions. Also note that~5% of Pt is detected after leaching treatment with extended time, which can be attributed to the detachment of PtFe nanoparticles induced by long-time ultrasonic treatment. Figure S1A shows the x-ray diffraction (XRD) patterns of the Pt/ SBA-15 and PtFe@Pt/SBA-15 catalysts. For Pt/SBA-15, the 2q peak is found at 39.7°, corresponding to the (111) plane of pure Pt crystals (4). However, the 2q peak of PtFe@Pt/SBA-15 shifts to 39.9°, which should be from the PtFe alloy phase (25) Air exposure may induce the oxidation of 3dTMs on the surface, while 3dTMs in subsurface regions do not change chemical states (5, 10) . Therefore, x-ray photoelectron spectroscopy (XPS) investigation was used to study the surface structures. As shown in Fig. 1E , after air exposure at room temperature, the main peak of Fe2p 3/2 for leached PtFe@Pt/SBA-15 is located at 707.9 eV, which has been assigned to metallic Fe (26) . However, the width of the Fe2p 3/2 peak for unleached PtFe/SBA-15 is much larger than that for the leached sample. Deconvolution of the Fe2p 3/2 peak for the unleached sample yields two peaks located at 707.9 and 709.9 eV, corresponding to Fe 0 and Fe 3+ species, respectively (27) . Note that Pt maintains a metallic state on leached and unleached samples when exposed to air at room temperature ( fig. S3 ). XPS results illustrate that, before acid leaching, Fe locates not only on the surface but also in subsurface regions. The surface Fe becomes oxidized when exposed to air, while the Fe in subsurface regions keeps a metallic state in air due to the kinetic limit of outward diffusion of Fe (5). After acid leaching, surface Fe can be removed completely. The remaining Fe in subsurface regions does not change its chemical state when exposed to air at room temperature.
Further, we carried out x-ray absorption near-edge structure (XANES) measurements to study the chemical state of Fe in the PtFe/ SBA-15 before and after acid leaching. Figure 1F exhibits the Fe K-edge XANES spectra acquired from these samples. In comparison, we also included the spectra recorded from Fe 2 O 3 nanoparticles and standard metallic Fe foil as references. It has been proposed that the adsorption energies at 7115 and 7132 eV represent an electronic transition from 1s to 3d orbitals and a 1s-to-4p transition in Fe atoms, respectively (28) . Before acid leaching, the Fe K-edge structure resembles that of Fe 2 O 3 , with the high intensity of the white line caused by the Fe-O interaction (29) . Inversely, after acid leaching, the intensity of the white line decreases; moreover, the position of the pre-edge feature shifts to lower energy, and the spectra become similar to that of metallic Fe foil. The Fe K-edge XANES study demonstrates that the chemical state of Fe changes from an oxidized state to a metallic state after acid leaching when exposed in air. XANES studies further support the formation of Pt-skin structure with inner metallic Fe, which is consistent with the ICP and XPS results.
To prepare PtCo@Pt/SBA-15 and PtNi@Pt/SBA-15 catalysts, we conducted the same prereduction combined with acid leaching procedure. Therefore, the similar Pt-skin structure with inner Co or Ni atoms should be synthesized.
Catalytic performance
The reactivity to PDH (C 3 H 8 , 7 ml/min; H 2 , 7 ml/min; N 2 , 11 ml/min) was studied over different Pt-3dTM/SBA-15 catalysts. For comparison, the reactivity of Pt/SBA-15 was also tested. First, Fig. 2A displays the PDH reactivity of unleached Pt-3dTM/SBA-15 and Pt/ SBA-15 catalysts. The unleached PtFe/SBA-15 catalyst, containing both surface and subsurface Fe, shows a reactivity comparable to that of Pt/ SBA-15, where the C 3 H 8 conversion and C 3 H 6 selectivity are found to be~21 and~75%, respectively. On PtCo/SBA-15 and PtNi/SBA-15 catalysts, the C 3 H 8 conversion increases with 37 and 38% compared to that on Pt/SBA-15. But the C 3 H 6 selectivity decreases to 41 and 40%, respectively. As expected, the lower selectivity on unleached Pt-3dTM/SBA-15 catalysts can be attributed to the high C-C cracking capability of Co and Ni sites on the surface (30) .
After the removal of surface Fe atoms, the C 3 H 8 conversion of the PtFe@Pt/SBA-15 catalyst becomes~10% higher than that of the Pt/ SBA-15 catalyst. Since the size distribution of PtFe@Pt/SBA-15 is similar to that of Pt/SBA-15, more nanoparticles, with more exposed metal atoms, can be obtained through Fe addition, thus leading to higher propane conversion. Note that, since the catalysts are confined in the mesoporous structure of SBA-15, C 3 H 8 conversion decreased slightly in 100 min of reaction time (Fig. 2B) , which is much more stable than the Pt-based catalysts supported on Al 2 O 3 (17, 19) . As shown in Fig. 2C , the C 3 H 6 selectivity of the leached PtFe@Pt/SBA-15 catalyst is~15% higher than that of the Pt/SBA-15 catalyst. Given that PtFe@Pt/SBA-15 presents a similar pure Pt surface and size distribution as Pt/SBA-15, the improved C 3 H 6 selectivity over PtFe@Pt/SBA-15 can be attributed to the promotion of Fe in subsurface regions. Figure 2D further displays the summed selectivity of CH 4 , C 2 H 4 , and C 2 H 6 as a function of reaction time. On the Pt/SBA-15 catalyst, the summed selectivity of gaseous by-products is about 9.6%, while on the PtFe@Pt/SBA-15 catalyst, the summed selectivity of gaseous byproducts is suppressed to 5 to 6%. Upon deep C-H breaking, coke would form, which may block active sites and decrease C 3 H 6 selectivity (19) . To evaluate the amount of coke, we performed temperature-programmed oxidation (TPO) measurements in Fig. 2E . For the spent Pt/SBA-15 catalyst, we found two peaks of CO and CO 2 at~300°and~500°C, respectively. The peak at a lower temperature can be attributed to the oxidation of coke deposited on metal sites, while that at a higher temperature should be related to coke on support (31) . On the other hand, we found that the peak intensities of CO and CO 2 from PtFe@Pt/SBA-15 are much lower than those from Pt/SBA-15, indicating that Fe atoms in subsurface regions suppress coke formation. TPO experiments were also conducted for spent PtCo@Pt/SBA-15 and PtNi@Pt/SBA-15 catalysts ( fig. S4) . Similarly, subsurface Co and Ni atoms suppress the coke formation in PDH. The summed selectivity of gaseous by-products and TPO analysis agree with the higher C 3 H 6 selectivity on Pt-skin catalysts modified by 3dTM atoms in subsurface regions.
DFT calculations
DFT calculations provide further insight into the effect of subsurface 3dTM atoms on PDH. As shown in table S1, the d-band center of surface Pt is found to downshift from −1.96 to −2.38, −2.29, and −2.16 eV when adding Fe, Co, and Ni into the subsurface regions, respectively. As a result, the adsorption energy of C 3 H 6 decreases from −1.47 eV on a pure Pt (111) surface to −0.60, −0.68, and −0.86 eV on PtFe@Pt, PtCo@Pt, and PtNi@Pt, respectively. Previous experimental and theoretical studies have shown a similar phenomenon, where 3dTM atoms in subsurface regions weaken the interaction of small molecules (CO, O 2 , and H 2 ) with a Pt-skin surface (13) . In agreement with DFT results, the temperature-programmed desorption (TPD) studies show that the desorption temperature of C 3 H 6 shifts to lower temperatures when Fe is in subsurface regions ( fig. S5) . Furthermore, Fig. 3 plots 
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the dependence of experimental C 3 H 6 selectivity on theoretical d-band center shifting. Opposite to the correlation between adsorption energies of C 3 H 6 and d-band center shifting, the C 3 H 6 selectivity increases as the d-band center downshifts in a row Pt < PtNi@Pt < PtCo@Pt < PtFe@Pt (Fig. 3 and fig. S6 ).
The calculated potential energy landscape for PDH processes on Pt and Pt-3dTM@Pt surfaces is shown in Fig. 4 . We computed the corresponding energies of different species, with the gaseous C 3 H 8 as the reference point, considering van der Waals interactions between molecules while maintaining an accurate binding energy. We found the molecularly bound C 3 H 8 to have an adsorption energy of −0.24 eV on a pure Pt surface, which is comparable to those on different Pt-3dTM@Pt surfaces. Figure 4 also includes the energy barriers for PDH elementary steps. The dehydrogenation barriers of first two steps, C 3 H 8 *→1-C 3 H 7 * + 0.5H 2 (g) and 1-C 3 H 7 *→C 3 H 6 * + H 2 (g) on pure Pt, are 0.95 and 0.87 eV, respectively. Adding 3dTM atoms in subsurface regions results in higher barriers for dehydrogenation steps. For example, the energy barrier of the first dehydrogenation step on PtFe@Pt is 0.37 eV higher than that on Pt, and a similar trend is found for the second dehydrogenation step to produce C 3 H 6 * (Fig. 4) . Subsequently, the competition between C 3 H 6 * desorption and deep C-H bond breaking will directly influence the C 3 H 6 selectivity (19) . On pure Pt, we determined the desorption energy of C 3 H 6 to be 1.10 eV. However, we found the C 3 H 6 * feature to have a barrier energy of 0.96 eV for C-H bond breaking, indicating that the deep dehydrogenation reaction of C 3 H 6 is more favorable than the desorption of C 3 H 6 . On the contrary, the desorption energy of C 3 H 6 * is lower than the energy barrier of C-H breaking of C 3 H 6 * on the Pt-skin surface with 3dTMs in subsurface regions. The desorption energies of C 3 H 6 * are 0.82, 0.76, and 0.58 eV lower than barrier energies of C-H breaking on PtFe@Pt, PtCo@Pt, and PtNi@Pt, respectively. Therefore, Pt-skin catalysts with subsurface 3dTMs present higher C 3 H 6 selectivity than pure Pt catalysts. In addition to the promotion effect of subsurface 3dTMs on PDH, Pt-skin surfaces with the d-band moving away from the Fermi level can decrease the desorption energies of ethene and butene as well (32) . Moreover, the weaker adsorption of alkene molecules often increases the activation barrier for deep dehydrogenation. As a result, Pt-skin catalysts with subsurface 3dTMs may present similar promotion effects on other dehydrogenation reactions, such as ethane and butane dehydrogenation.
DISCUSSION
For the preparation of practical catalysts used in chemical industry, the pretreatments are often necessary, such as sintering in air and activation in reducing atmospheres. However, the surface structure of catalysts achieved through these routes is complex, in particular for multicomponent catalysts, because the mass transfer may induce surface 
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reconstruction at elevated temperatures. Although the structural complexity makes the direct studies of multicomponent catalysts very challenging, a simple but effectively prepared procedure applied in our work helps construct highly efficient catalysts for dehydrogenation reactions and understand reaction mechanisms at the microscopic scale.
Here, we have systematically investigated the subsurface catalysis of 3dTM atoms and demonstrated the correlation between catalytic reactivity of dehydrogenation reactions and electronic properties. As illustrated in Schema 1, the highest C 3 H 6 selectivity was observed on Pt-skin catalysts with 3dTM atoms in subsurface regions, whereas deep dehydrogenation occurs more easily on pure Pt and exposed 3dTM sites. As the d-band center downshifts, the C 3 H 6 selectivity increases in the order Pt < PtNi@Pt < PtCo@Pt < PeFe@Pt, which is well consistent with the downshifting trend of the d-band center. These findings provide a promising route to prepare efficient Pt-based bimetallic catalysts for dehydrogenation reactions. We also expect that the subsurface catalysis mechanism may be widely applied in other multicomponent catalytic systems.
MATERIALS AND METHODS
Preparation of catalysts
The Pt-3dTM@Pt/SBA-15 catalysts were prepared by the wetness coimpregnation method using H 2 O were dissolved in deionized water and ethyl alcohol solution. The SBA-15 was added to the liquid solution and then stirred at room temperature for 24 hours. Then, the catalysts were dried at 60°C overnight and calcined at 300°C for 2 hours. The freshly prepared catalysts were reduced in 5% H 2 /N 2 (30 ml/min) at 400°C for 4 hours. Then, 30 mg of reduced catalysts was washed in 15 ml of dilute acid solution (HNO 3 concentration, 5×10 −4 M) for various times and dried at 60°C overnight. The concentration of Pt and Fe ions in the dilute acid solution was analyzed by ICP-AES (7700×, Agilent). TEM images were recorded using a JEM-2100F transmission electron microscope at 200 kV. The surface structure of Pt-3dTM/SBA-15 bimetallic catalysts was investigated by XRD (RigakuC/max-2500 l = 1.5406 Å), XPS (PerkinElmer PHI 1600 ESCA), and Fe K-edge XANES measurements in the beamline BL36XU of SPring-8. TPD and TPO experiments were performed on a Micromeritics AutoChem 2920 apparatus. For C 3 H 6 -TPD, 100 mg of catalysts was reduced with 10% H 2 /Ar at 600°C for 1 hour, and then, C 3 H 6 (99.5%) was adsorbed at 100°C for 0.5 hours. The temperature was ramped up to 500°C with a heating rate of 10°C/min. The C 3 H 6 desorption profiles were measured with a thermal conductivity detector. For TPO measurements, the spent catalysts (100 mg) were pretreated at 200°C for 1 hour under flowing Ar (30 ml/min) and then cooled to 50°C. Subsequently, a flow rate of 30 ml/min of 10% O 2 /He with a heating rate of 10°C/min was introduced. Gas compositions were analyzed by a HIDEN QIC-20 mass spectrometer.
Reactivity test
The PDH reaction was carried out in a quartz fixed-bed reactor with an 8-mm inner diameter and a 24-cm length at the atmospheric pressure and 600°C. The reaction gas consisted of C 3 H 8 (26 volume %) and H 2 (26 volume %) with N 2 as balance at a total flow of 50 ml/min. The weight hourly space velocity of propane was 3.43 g C 3 H 8 /(hour·g catalyst). After pelleting the catalysts to a 20-to 40-mesh size distribution, 0.24 mg of catalysts and 0.1 ml of quartz sand were loaded into the quartz tubular reactor. Before the reactivity test, each catalyst was exposed to 10 volume % H 2 /N 2 at 600°C for 1 hour. The product gas was analyzed by an online gas chromatograph equipped with a flame ionization detector (Chromosorb 102 column) and a thermal conductivity detector (Al 2 O 3 Plot column).
The conversion of propane was determined from Eq. 1, and the selectivity of different products was determined from Eqs. 2 to 5, respectively
where F i is the corresponding flow rate.
Calculation method
The Vienna ab initio simulation package (VASP) was used to perform calculations with the Bayesian error estimation functional-van der Waals exchange-correlation functional (33, 34) . Note that this generalizedgradient approximation functional provides a quantitative description of van der Waals interactions between molecules while maintaining an accurate chemisorption energy. Valence electrons were described by using a plane-wave basis set with the cutoff energy of 400 eV. Meanwhile, core electrons were treated using projector augmented wave (35) . The Monkhorst-Pack k-points grid (3×3 ×1) was used to sample the Brillouin zone of the surface (36) . The electronic occupancies were determined according to the Methfessel-Paxton scheme with an energy smearing of 0.15 eV, and the total energies were evaluated by extrapolating to zero broadening. The dipole correction was included in the direction perpendicular to the slab surface. A four-layer slab with a 4×4 supercell was built, and the top two layers were relaxed. All the structures were optimized until the force on each atom was less than 0.02 eV/Å. Spin polarization was taken into consideration in all the calculations. The transition states of the reactions were determined by either the climbing nudged elastic band method or the dimer method (37, 38) . The optimized structure of transition state was ensured to have only one imaginary frequency.
The adsorption energy of an adsorbate, E ads , was calculated as Eq. 6
where E total is the total energy of the slab with an attached adsorbate, E adsorbate is the total energy of a gas molecule, and E surface is the total energy of a relaxed clean slab. The surface d-band center (e d ) was computed as the first and second moments of the projected d-band density of states (39) . It was expressed as Eq. 7
where r represents the density of states, and E is the energy of state.
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